Ether-à-go-go-related gene (erg) K
+ channels belong to the superfamily of voltage-gated K + channels. A number of different physiological functions of erg channels have been demonstrated (reviewed in including the repolarization of the cardiac action potential (Sanguinetti et al. 1995) , the frequency adaptation of action potentials in neuroblastoma cells (Chiesa et al. 1997) and the maintenance of the resting membrane potential in lactotroph cells (Barros et al. 1997; Bauer, 1998; Bauer et al. 1999) . Three different rat erg channels are known which differ in their voltage dependence of activation as well as in the extent of inward rectification. Erg2 is the strongest inward rectifier activating at the most positive potential, and erg3 is the weakest inward rectifier activating at the most negative potential (Shi et al. 1997; Schledermann et al. 2001; Wimmers et al. 2001 Wimmers et al. , 2002 .
A huge body of information is available about the biophysical properties of the first cloned member of the erg channel family, HERG (the human erg1; Warmke & Ganetzky, 1994) , and their alterations by different external ion concentrations. The sensitivity of erg1 channels to changes in the extracellular K + concentration ([K + ] o ) has been investigated in detail, and in particular the paradoxical increase in erg1 current amplitude in elevated [K + ] o is well documented (Sanguinetti et al. 1995; Trudeau et al. 1995; Kiehn et al. 1996; Wang et al. 1996; Zou et al. 1998) and can be clinically exploited to treat abnormally prolonged QT intervals (Compton et al. 1996; Choy et al. 1997) .
Up to now, there exists no information about [K + ] o -dependent changes in the biophysical properties of the two other members of the erg subfamily, erg2 and erg3. Whereas erg1 channels are expressed in various tissues, including the heart, endocrine and nervous tissue as well as smooth muscle cells (reviewed in ), erg2 and erg3 are described as 'nervous system-specific' channels (Shi et al. 1997) . The three erg channels are differentially expressed in the brain J Physiol 564.2 (Shi et al. 1997; Saganich et al. 2001; Papa et al. 2003) where they can be exposed to considerable changes in [ (Heinemann & Dietzel, 1984; Xiong & Stringer, 1999) , and prolonged anoxia can result in [K + ] o of several tens of millimolar (Croning & Haddad, 1998; Stiefel & Marmarou, 2002) . Therefore, we were interested in the effects of changes in [K + ] o within the pathophysiological range on the biophysical properties of the three erg channels. Using the rat homologues of the erg channels, we compared the influence of a rise in [K + ] o from 2 mm to 10 mm on the whole-cell erg channel conductance, and the potential dependence and time course of erg channel gating.
Recently, the unusual dependence of HERG1 channels on [K + ] o has partially been explained by a blocking effect of external Na + which is counteracted by external K + (Numaguchi et al. 2000; Mullins et al. 2002 Mullins et al. , 2004 (Scamps & Carmeliet, 1989) . However, the aim of the present study was not to further analyse the molecular mechanisms underlying the paradoxical effects of [K + ] o on erg channels, but to make some data on erg2 and erg3 channels available for reflections on the possible physiological role of these channels in the nervous system. Our experiments show that the unusual K + dependence of erg1 is preserved in erg2 and erg3 channels. We demonstrate that even moderate changes in [K + ] o are able to exert significant changes in the gating behaviour of all three erg channels.
Part of the results have been published in abstract form (Sturm et al. 2004) .
Methods

Cell culture
Chinese hamster ovary (CHO) cells were grown in MEM medium (Gibco) containing 1% penicillinstreptomycin-glutamine (Gibco) and 10% fetal calf serum (Biother). Cells were maintained at 37
• C in a water-saturated atmosphere of 95% air and 5% CO 2 . The medium was changed every 2-3 days and cells were passaged when they reached confluence, usually every 2 or 3 days. For microinjection and electrophysiological recordings cells were plated onto poly d-lysine-coated CELLocate grids (Eppendorf) in 35 mm plastic culture dishes (Nunc).
Molecular biology
All three rat erg subunits (erg1, Acc. No. Z96106; erg2, Acc. No. AF016192; erg3, Acc. No. AF016191) were subcloned into the pcDNA3 vector (Invitrogen) for microinjection as reported previously (Wimmers et al. 2001) . The clones were transferred into CHO cells by microinjection using an InjectMan (Eppendorf). Coinjection of EGFP-N1pcDNA3, encoding a green fluorescent protein (Clontech), was used to detect cells with successful expression. The erg cDNA was injected in a concentration between 10 (erg1) and 850 ng µl −1 (erg2). After 3-8 h of incubation injected cells began to show fluorescence.
Electrophysiology
Whole-cell recordings were made within 8-20 h after injection of the clones using the nystatin-perforated-patch method. An EPC9 patch-clamp amplifier was used in combination with PULSE stimulation and data acquisition software (HEKA Elektronik). The pipette resistance ranged from 2 to 5 M when filled with intracellular solution. Data were low-pass filtered at 3 kHz and compensated for both fast and slow capacity transients. Series resistance errors were compensated to at least 75%. All experiments were done at room temperature (22-25
• C).
Solutions
The extracellular 2 mm K + solution contained (mm): 143 NaCl, 2 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 Hepes, 5 glucose, pH = 7.3 adjusted with NaOH. The 10 mm K + solution had the same composition except that NaCl was replaced by equimolar concentrations of KCl. The pipette solution contained (mm): 140 KCl, 2 MgCl 2 , 1 CaCl 2 , 2.5 EGTA, 10 Hepes (pH = 7.3 adjusted with KOH). Nystatin was dissolved in DMSO (60 mg ml −1 ), its final concentration in the pipette solution was 0.24 mg ml −1 . With respect to the standard pipette solution, the liquid junction potential was estimated to be 4.4 mV for the 2 mm K + solution, and 4.1 mV for the 10 mm K + solution. Data are given without correction for liquid junction potential errors because an additional undefined potential error corresponding to the Donnan potential was present in the perforated-patch whole-cell experiments.
Data analysis
The voltage dependence of activation and erg current availability was fitted with a Boltzmann equation:
, where k is the slope factor and V 0.5 is the potential of half-maximal erg current amplitude. The time course of activation was determined by an envelope-of-tail protocol. For erg1 and erg2, the peak current amplitudes elicited with a hyperpolarizing pulse after different durations of a depolarizing prepulse were normalized and plotted against prepulse duration. For erg3, the mean instead of the maximal tail current amplitudes were used which represent a measure of the total charge flowing through open erg channels, thus eliminating the strong effect of the large instantaneous current amplitudes induced by the hyperpolarizations starting during the initial outward current transient. Apart from the first data points, the normalized current amplitudes could be well fitted with a single exponential function. Extrapolation of the fit to zero current yielded a delay probably produced by closed-closed transitions of the erg channels (see Wang et al. 1997; Gomez-Varela et al. 2002) . The time course of inactivation was fitted with a single exponential function. The time constants of recovery from inactivation were determined by fitting current traces elicited by voltage steps to potentials between +40 and −120 mV which followed a prepulse to +80 mV with the sum of two exponential functions describing recovery from inactivation as well as subsequent deactivation. The time constants of fast and slow deactivation were obtained by fitting the decay phase of current traces elicited with hyperpolarizations to potentials between −60 and −120 mV with the sum of two exponential functions. In addition to the experiments with CHO cells injected with erg channel cDNA, all sets of experiments were performed with uninjected CHO cells to determine the contribution of unspecific currents to the recorded membrane currents. Where appropriate and noted, data of current amplitudes were corrected for the contribution of the unspecific currents. Statistical significance was tested either with Student's two-tailed paired or unpaired (Fig. 6 ) t test and errors indicate s.e.m.
Results
All three rat erg channels were heterologously expressed in CHO cells and exposed to an increase in [K + ] o during perforated-patch whole-cell experiments which allowed long-lasting reproducible recordings of erg currents as has been found previously (Schledermann et al. 2001) .
Effect of [K + ] o on erg current activation
The voltage dependence of erg channel activation was studied with a double-pulse protocol. Starting from a holding potential of −80 mV at which the three erg channels are completely deactivated, 4 s variable depolarizing test pulses were applied followed by a hyperpolarization to −120 mV to determine the proportion of erg channels activated during the preceding test pulses. Figure 1 shows the effect of a rise in [K + ] o from 2 to 10 mm on the outward currents of CHO cells previously injected with erg1, erg2 or erg3 cDNA. The erg current amplitudes determined at the end of the test pulses exhibited a bell-shaped voltage dependence typical for the functional inward rectification of erg channels due to increased steady-state inactivation upon stronger depolarizations and faster inactivation than activation. In the higher [K + ] o , the current amplitudes were clearly increased for erg1 and erg2 at potentials equal or positive to −30 mV. For erg3, there was no clearly recognizable increase in the maximum of sustained outward current, but the potential at which the maximal erg current occurred shifted from about −20 to 0 mV. In contrast to the sustained current, the transient erg3 currents at the beginning of the test pulses increased continuously with stronger depolarizations. The rise in [K + ] o induced the same effects on transient and sustained erg3 current amplitudes: they were decreased below −10 mV, and increased at potentials positive to −10 mV (see Fig. 1Ac, insets) .
To allow a comparison of the effect of increased [K + ] o and to compensate for the differences in the voltage dependence of the three erg channels, the erg whole-cell chord conductances were calculated using the mean normalized steady-state erg current amplitudes (Fig. 1B (Fig. 1Ca-c) .
The voltage dependence of erg channel activation in the differing [K + ] o was determined from the maximal amplitude of the transient erg inward current elicited upon the constant hyperpolarization following the variable test pulses ( Fig. 2A) . Current increase mirrors the process of recovery from inactivation and the subsequent decay is due to erg channel deactivation. In Fig. 2B , the mean normalized erg current amplitudes were plotted versus the potential of the preceding test pulses, and the resulting data points were fitted with a Boltzmann equation yielding the potential for half-maximal isochronal (4 s) activation (V 0.5 ) of the three erg channels. As previously described (Shi et al. 1997; Schledermann et al. 2001) , the voltage dependence differed considerably for the three erg channels. In 2 mm K + solution, the V 0.5 values were for erg1, −19.4 ± 1.1 mV (n = 28); for erg2, 5.2 ± 2.1 mV (n = 6); and for erg3, −36.5 ± 1.3 mV (n = 25). After increasing [K + ] o to 10 mm, the V 0.5 values for the voltage dependence of activation were slightly more negative. This shift in V 0.5 ( V 0.5 ) amounted to −8.4 ± 1.2 mV for erg3 (n = 25, P ≤ 0.0001), to −4.0 ± 1.1 mV for erg1 (n = 28, P ≤ 0.001) and to −2.0 ± 1.3 mV for erg2 (n = 6, not significant). Significant differences in the steepness of the activation curves were only found for erg3 where the slope factor k decreased from 8.5 ± 0.4 mV to 6.2 ± 0.3 mV (n = 25, P ≤ 0.0001). The time course of erg current activation was assessed with an envelope-of-tail protocol (Fig. 3) . Due to the considerably slower activation of erg2 (Wimmers et al. 2002) , a more depolarized test pulse potential of 40 mV instead of 20 mV was used for the depolarizing pulse with variable duration. The amplitudes of the inward erg currents elicited by a subsequent hyperpolarization to −120 mV increased with prepulse duration. Following a delay phase, the normalized peak amplitudes of the erg1 and erg2 tail currents could be well fitted with single exponential functions yielding the time constants of activation, τ act . In contrast, the peak amplitudes of the erg3 tail currents were less well fitted with a single exponential function due to considerable differences in the percentage of inactivated channels during the course of the depolarization-induced current transient (see also Wimmers et al. 2002) . Assuming that all inactivated erg channels have to pass the open state before deactivation can take place (linear gating model, Wang et al. 1997) , we used the mean amplitude of the whole erg3 tail currents recorded during the 145 ms hyperpolarizations as a measure of the fraction of erg channels activated during the preceding depolarization. For all three erg channels, the rise in [K + ] o produced no significant changes in the time constants of activation. For erg1 and erg3, there was a tendency to shorter delay phases in 10 mm [K + ] o , but the differences were not significant.
Effect of [K + ] o on the inactivation of erg currents
Erg current inactivation was studied with a triple-pulse protocol according to Wang et al. (1997) and Schledermann et al. (2001) . Starting from the fully activated state, a short 25 ms hyperpolarization inducing recovery from inactivation was followed by variable test pulses. For erg3, a less negative hyperpolarization to −60 mV instead of −100 mV was used taking into account the faster deactivation kinetics. During the depolarizing test pulses the erg currents decayed in a voltage-dependent manner (Fig. 4A ). The decay phase was fitted by single exponential functions to obtain the time constants of inactivation (τ inact ; Fig. 4B ). To be able to discriminate between erg channel inactivation and deactivation as the cause of the current decay, the variable test pulses were followed by an additional 25 ms hyperpolarization and a depolarization to 60 mV (data not shown). If no deactivation occurs during the variable test pulses, the instantaneous current elicited with the second depolarization to 60 mV should always be maximal. Channel deactivation was regarded as exhibiting no substantial contribution to the current decay during the 400 ms test pulses if the instantaneous current elicited with the constant depolarization to 60 mV amounted to at least 80% of the maximal current. More pronounced current deactivation occurred at test pulse potentials below −40 mV for erg1 and erg2, and below −30 mV (2 mm
. Nevertheless, erg3 current traces elicited with test pulses more negative than −10 mV were not fitted because they exhibited only a small inactivating component (see Fig. 4Cc ). Figure 4B shows that the inactivation kinetics of all three erg channels were markedly slowed after the rise in [
effect was more pronounced for erg2 and erg3 than for erg1. As a measure of steady-state inactivation, the ratio of the sustained erg current to the maximal current at the onset of inactivation was determined using the values derived from the exponential fits. In accordance with previous results (Shi et al. 1997; Schledermann et al. 2001) erg3 exhibited considerably less steady-state inactivation in the voltage range studied compared to erg1 and erg2 (Fig. 4C) . Upon the rise in [K + ] o , steady-state inactivation was slightly reduced for all three erg channels. The increased steepness of the voltage dependence of the instantaneous current amplitudes (insets in Fig. 4C A, erg1, erg2 and erg3 current traces evoked by depolarizing pulses to +20 mV (erg1 and erg3) or +40 mV (erg2) of increasing duration followed by a hyperpolarization to −120 mV. The holding potential was −80 mV. Vertical and horizontal scale bars denote 500 pA and 200 ms in Aa and Ab, and 500 pA and 50 ms in Ac. Peak amplitudes (Ba, Bb) or mean amplitudes (Bc) of erg currents elicited upon the hyperpolarizations were normalized, averaged and plotted against the duration of the preceding depolarization to 20 or 40 mV. After a delay, the erg current amplitudes could be well fitted with a single exponential function yielding the indicated time constants. Number of experiments (n) (Fig. 5A) . At the end of the test pulses, the availability of erg channels was determined with a subsequent hyperpolarizing pulse to −120 mV. Figure 5B shows the voltage dependence of current availability for the three erg channels with 2 and 10 mm K + in the bath solution. The increase in [K + ] o caused significant shifts of the availability curves to the left (erg1: V 0.5 = −4.9 ± 1.1 mV, n = 21, P ≤ 0.001; erg2: V 0.5 = −5.4 ± 1.5 mV, n = 6, P ≤ 0.05; erg3: V 0.5 = −7.2 ± 1.3 mV, n = 21, P ≤ 0.001). As for the activation curves, the shift was strongest for erg3. The voltage dependence of the erg 3 availability curves was similar to the corresponding activation curves due to the considerably faster activation and deactivation kinetics of erg3 compared with the other two erg channels. For erg1 and erg2, much longer test pulses would be necessary to bring the activation and the availability curves into line as described in more detail by Schönherr et al. (1999) .
Time course of recovery from inactivation and deactivation
The effects of changes in [K + ] o on the time course of recovery from inactivation and deactivation of erg channels were investigated by fitting current traces elicited by hyperpolarizing pulses as shown in Fig. 5A with Figure 4 . A rise in [K + ] o slows the inactivation of erg channels A, representative current traces evoked by test pulses to potentials between −80 and +60 mV following a 2 s depolarizing pulse to +20 mV with a subsequent 25 ms hyperpolarization to −100 mV (for erg1 and erg2) or −60 mV (for erg3) in cells expressing erg1, erg2 or erg3 channels. The holding potential was −20 mV. Vertical and horizontal scale bars denote 1 nA and 100 ms. B, mean time constants of inactivation (τ inact ) as a function of the test pulse potential for the three erg channels determined in 2 mM K + and after a change to 10 mM K + solution. C, voltage dependence of the ratio of the steady-state current to the maximal erg current at the onset of inactivation. * P ≤ 0.05 and * * P ≤ 0.01, significant differences with two-tailed paired t test. The insets show the voltage dependence of the extrapolated instantaneous current (I max exponential functions as described in the Methods. Due to the strong depolarizing prepulse to +80 mV, recovery from inactivation could be studied within the entire voltage range of the test pulses (−120 to +40 mV) yielding a bell-shaped voltage dependence of the respective time constant (τ rec ) for all three erg channels. The recovery from inactivation of erg3 channels recorded with 2 mm K + bath solution at potentials more negative than −90 mV was too fast to yield reliable data. Like the inactivation process, the recovery from inactivation of all three erg channels was markedly slowed by the rise to 10 mm [
( Fig. 6A) . For erg2, only the bigger differences in the time constants at −70, −60 and 0 mV reached significance (Fig. 6Ab) , which might be due to the relatively small number of experiments with erg2. Especially pronounced was the slowing of recovery for erg3 at more depolarized potentials. The comparison of the different erg currents elicited with the hyperpolarizing pulses shown in Fig. 5 demonstrates that erg3 channels deactivate considerably faster than erg1 and erg2 channels. After the rise in [K + ] o from 2 to 10 mm, the time constants of the fast as well as of the slowly deactivating current components of all three erg channels were slightly, but significantly increased (Fig. 6B  and C) . Given the higher amplitude of erg inward currents at more negative potentials in raised [K + ] o , increased time constants could result from remaining uncompensated series resistance potential errors. However, this technical Number of experiments (n) is indicated. * P ≤ 0.05 and * * P ≤ 0.01, significant differences with two-tailed paired t test as described in the text.
problem is not assumed to account for the observed increases in deactivation time constants of the three erg channels, since no positive correlations between absolute erg current amplitudes and corresponding values of the deactivation time constants were detected (data not shown).
Effect of [K + ] o on erg whole-cell conductance
The effect of a rise in [K + ] o on changes in the maximally available erg channel conductance was also investigated with 1 s voltage ramps from +60 mV to −120 mV. The holding potential was −20 mV and a depolarizing 2 s prepulse to +20 mV preceded the voltage ramp to ensure that the erg channels were in the fully activated state. During the voltage ramp, all three erg currents first increased due to recovery from inactivation and then decreased due to voltage-dependent deactivation and changes in the driving force ( Fig. 7A and B) . To compensate for the differences in this driving force, relative whole-cell conductance values were calculated using the observed reversal potentials. The plots of the normalized mean chord conductance values against the ramp potential demonstrate the differences in the voltage dependence of the erg channels as well as the pronounced increases in conductance produced by the rise in [K + ] o (Fig. 7C ). With this special pulse protocol, K + conductance was maximal in the range of −70 to −80 mV for erg1, −80 to −85 mV for erg2, and around −40 mV for erg3. In Fig. 7D , the conductance values determined in 2 mm K + were scaled to the corresponding data determined in 10 mm K + using a factor of 2.3 for The number of evaluated current traces varied, mainly due to the small current amplitudes close to the reversal potentials. * P ≤ 0.05 and * * P ≤ 0.01, significant differences with two-tailed unpaired t test.
erg1, a factor of 3.2 for erg2 and a factor of 1.85 for erg3. After the increase in [K + ] o , the voltage dependence of the erg2 conductance was almost unchanged, whereas the conductance curve for erg1 was mainly shifted to the left by about 8.5 mV, and the conductance curve for erg3 was broadened with a shift of the left part of the curve by about −7 mV.
Effect of [K + ] o on erg1 and erg3 currents during simulated action potential bursts
To estimate the effect of a rise in [K + ] o on a possible contribution of erg1 and erg3 currents to frequency accommodation, erg1 and erg3 currents were recorded J Physiol 564.2 with a spike train voltage protocol (Fig. 8) which consisted of 20 voltage ramps of 5 ms duration separated by intervals of 20 ms at a plateau potential of −30 mV. Each voltage ramp was preceded by a 1 ms pulse to +30 mV to reduce capacity transients at the onset of the voltage ramps. As for all sets of experiments, uninjected CHO cells served as control. In these control cells, no significant changes in current amplitude were found during successive voltage ramps in both external solutions. To eliminate most of the contribution of capacitive transients, endogenous non-erg currents and leakage currents, data from CHO cells expressing erg channels were averaged and corrected for erg-unspecific currents recorded from control cells. Figure 8 shows the erg1 and erg3 currents recorded during the course of the 520 ms pulse protocol. In addition, the current traces obtained during the 20 5-ms ramps are shown superimposed as a function of the ramp voltage. In both [K + ] o , the erg3 current was relatively large compared to the small erg1 current amplitude (note the different current scales), which is consistent with the faster activation and the more negative activation threshold of erg3 channels compared to erg1 channels. Almost no erg1 current was elicited during the first part of the pulse protocol including the first three voltage ramps. After this delay, the erg1 current at the plateau potential of −30 mV, as well as the erg1 current elicited upon subsequent voltage ramps, increased continuously during the course of the test protocol with no indication of saturation. In contrast, erg3 exhibited a much faster increase in the current amplitude at −30 mV. Concomitantly, the erg3 ramp currents increased dramatically with the first four voltage ramps. Thereafter, the erg3 current amplitude at the plateau potential, as well as during the voltage ramps, started to saturate. The rise in [K + ] o did not alter these characteristics of erg1 and erg3 currents. In spite of the decreased driving force for K + , the erg1 current amplitude at −30 mV was only slightly smaller, and the maximal amplitude during the voltage ramps was even clearly increased. For erg3, the current at the plateau potential was considerably reduced in elevated [K + ] o , but the ramp currents reached essentially the same maximal amplitude.
Comparable experiments have not been performed with erg2, because erg2 channels activate even slower and at still more positive potentials than erg1, resulting in negligible small erg2 currents elicited with the spike train voltage protocol.
Discussion
We have analysed the effect of a change in [K + ] o from 2 to 10 mm on the biophysical properties of the three rat erg channels. This increase in [K + ] o shifted the activation threshold of erg1 and erg3 channels slightly to more negative potentials. In addition, all three erg channels exhibited a reduced steady-state inactivation, a slowing of inactivation and deactivation and, most strikingly, a significantly increased chord conductance. Most of the effects exerted on rat erg1 channels are qualitatively similar to those described for HERG1 as expected from the high degree of the subunit homology 98 mm K + have been used. Some inconsistencies might arise from different endogenously expressed proteins interacting with erg channels. In Xenopus oocytes, the presence of four MinK-related peptides has recently been demonstrated (Anantharam et al. 2003) . In addition, batches of oocytes from some donor frogs may express endogenous erg-like currents (Bauer et al. 1996) . CHO cells which were also used in the present study are probably devoid of MinK-related peptides as suggested by negative RT-PCR results using degenerate primers (Lu et al. 2003) . The present study presents data for all three rat erg channels obtained with almost identical expression and recording conditions allowing a direct comparison of the [K + ] o dependence of the three erg channels. Although most effects on the biophysical properties seem to be well conserved within the erg channel family, there exist some quantitative differences in these effects between the three erg channels which might be of functional importance.
Influence of [K + ] o on erg current amplitude
Our results show that the dramatic increase in conductance with elevated [K + ] o which is typical for classical inward rectifiers (Hagiwara & Takahashi, 1974) is also a distinctive feature of all three erg channels. The increase in conductance was even more pronounced for erg2, and less pronounced for erg3 compared to erg1. For HERG1 channels, the increase in current amplitude is the most often described effect of elevating [K + ] o (Sanguinetti et al. 1995; Trudeau et al. 1995; Kiehn et al. 1996; Schönherr & Heinemann, 1996; Wang et al. 1996 Wang et al. , 1997 Zou et al. 1998) . This effect has first been observed in rabbit nodal heart cells for the delayed rectifier current I Kr (Shibasaki, 1987) which is now known to be mediated by erg1 channels. Shibasaki (1987) (Kiehn et al. 1996) . Our data for the K + dependence of the maximally available whole-cell conductance of rat erg1 obtained with voltage ramps starting from the fully activated state fit well to the single channel data: the square root of 5 (as the factor of the two different [K + ] o used) equals 2.236 and we used a factor of 2.3 to scale the erg1 conductance values. This correspondence suggests that the increase in the maximally available whole-cell conductance results predominantly from the increase in single channel conductance.
Recently, the mechanism of the unusual [K + ] o dependence of the HERG1 conductance has partially been explained by a blocking effect of external Na + ions which can be relieved by increases in [K + ] o within the physiological range (Numaguchi et al. 2000; Mullins et al. 2002 Mullins et al. , 2004 . External Na + block of HERG1 channels was reduced by impaired inactivation of the channel suggesting that inactivated channels have a high affinity to external Na + (Mullins et al. 2004) . Given that binding of external Na + would also be able to block erg3 channels, this mechanism could explain the smaller [K + ] o -induced increase in conductance for erg3 compared to erg1 channels found in our experiments, since erg3 channels exhibit considerably less steady-state inactivation than erg1.
For all three rat erg channels, the K + -induced whole-cell conductance increase was consistently larger for the maximum 'steady-state' conductance determined at the end of 4 s depolarizing test pulses than for the maximally available conductance measured with the voltage ramp protocol. This difference in conductance increase is most probably due to the additional effects induced by the rise in [K + ] o , such as the shift of the activation curve to the left, slower inactivation and less steady-state inactivation as discussed below.
Effects of [K + ] o on erg channel activation and deactivation
With respect to the voltage dependence of activation, the three rat erg channels differed in their sensitivity to
o from 2 to 10 mm, the erg1 activation curve shifted slightly, but significantly, by about 4 mV to more negative potentials. This [K + ] o dependence of channel activation was stronger for erg3 with an approximately −8 mV shift of the activation curve, whereas it was not significant for erg2. Although a shift in the voltage dependence of −4 mV sounds small, together with a steep voltage dependence as indicated by a slope factor k of about 8 mV it means an approximately 20% increase in the fraction of activated erg1 channels close to the midpoint potential V 0.5 .
Only for erg3 was a significant increase in the steepness of the activation curve found upon the rise in [K + ] o . All erg activation curves were obtained indirectly by measuring the peak amplitudes of the tail currents following the depolarizing test pulses. In the critical voltage range for erg3 channel activation (−50 to −20 mV), little inactivation occurred resulting in large instantaneous tail currents. The rise in [K + ] o decreased steady-state inactivation thereby reducing the small percentage of erg3 channels which have to recover from inactivation before they contribute to the tail current. To investigate whether differences in steady-state inactivation and the time course of deactivation could underlie the observed increase in the steepness of the activation curve, we performed an additional evaluation of the data using the averaged amplitudes of the whole erg3 tail currents in exactly the same way as in the analysis of the envelope-of-tail experiments. With this method, the differences in the steepness of the activation curves were smaller (k decreased from 8.8 ± 0.3 mV to 7.6 ± 0.4 mV; n = 25, P ≤ 0.01), indicating that part of the calculated difference in the steepness was caused by the evaluation method and mirrored the changes in steady-state inactivation and deactivation kinetics. In the latter evaluation, the shift in the voltage dependence of erg3 channel activation was only slightly smaller and amounted to 7.0 ± 1.0 mV (n = 25, P ≤ 0.0001).
Little With respect to the time course of activation which differs considerably within the erg channel family (Wimmers et al. 2002 and this study), all three rat erg channels were unaffected by a change in [K + ] o as previously described for HERG1 channels Terai et al. 2000) . Not only the time course of activation, but also the time course of deactivation of erg3 channels is much faster than that of erg1 and erg2 channels. Nevertheless, deactivation kinetics of all three erg channels were comparably slowed by the rise in [ (Terai et al. 2000) , but in another study, HERG1 deactivation was not significantly slower in 98 mm . Further elevations of [K + ] o to values up to 300 mm used in 'knock-off' experiments even resulted in an acceleration of HERG1 deactivation kinetics (Wang et al. 1998; Aydar & Palmer, 2001) . These data suggest that the effects of an increase in [K + ] o on erg deactivation kinetics can change with the concentration range used.
The voltage dependence of the availability curves of the three erg channels depends not only on their voltage dependence of activation, but also on their deactivation kinetics. The slower the activation and deactivation kinetics, the bigger the potential differences between the isochronal activation and availability curves (Schönherr et al. 1999 (Wang et al. 2004 ).
Effects of [K + ] o on erg channel inactivation and recovery from inactivation
The increase in [K + ] o from 2 to 10 mm significantly slowed inactivation as well as recovery from inactivation of all three rat erg channels. It should be noted that the slowing of inactivation was even more pronounced for erg2 and erg3 than for erg1. For HERG1, a slowing of the time course of inactivation and of recovery from inactivation by increased [K + ] o has been consistently observed (Kiehn et al. 1996; Wang et al. 1996 Wang et al. , 1997 . The same dependence of inactivation kinetics on [K + ] o has also been reported for native erg currents such as in atrial cells (Yang et al. 1997) and neuroblastoma cells which can express all three erg channel subunits (Meves, 1999; Meves et al. 1999) .
In Shaker K + channels, the slowing of inactivation by increased [K + ] o has been described as a characteristic of C-type inactivation (Lopez-Barneo et al. 1993 (Pardo et al. 1992; Rasmusson et al. 1995; Levy & Deutsch, 1996 , and a 20 mV shift for a change in [K + ] o from 2 to 20 mm (Zou et al. 1998) . A significant decrease in steady-state inactivation upon raising [K + ] o is also found for all three rat erg channels in the voltage range studied (−40 to 60 mV; Fig. 4C ). The results for erg3 clearly show, and an extrapolation of the data for erg1 and erg2 to more negative potentials suggests, a smaller shift in the voltage dependence of steady-state inactivation. This could partially be due to the smaller differences in [K + ] o used in the present study.
Physiological implications
The comparative investigation of the effects of a rise in [K + ] o on the biophysical properties of the three rat erg channels yielded a huge body of information helpful in assessing the physiological function of the erg channels in the nervous system. In situ hybridization studies performed in rat brain demonstrated a differential regional J Physiol 564.2 expression of the three erg channels (Saganich et al. 2001; Papa et al. 2003) . The relative abundance of the erg channel subunits also differed with a higher level of erg1 and erg3 expression than that of erg2 (Saganich et al. 2001) . In some brain regions, an overlapping expression of erg channel subunits was found, and even coexpression at the cellular level like that in CA1 pyramidal neurones (Saganich et al. 2001; Papa et al. 2003) and brainstem serotonergic neurones (Hirdes et al. 2004 ) has been detected.
It has been demonstrated that the three erg subunits are able to form heteromultimeric channels (Wimmers et al. 2001) . Since our data now show that most [K + ] o effects on the three erg channels are qualitatively similar, comparable effects are expected also for heteromultimeric erg channels. In addition to erg1 (also denoted erg1a), the splice variant erg1b is expressed in the brain (Lees-Miller et al. 1997) . These two isoforms differ only in their intracellular N-termini, suggesting a similar sensitivity of the homomultimeric as well as putative heteromultimeric erg1/1b channels to [ (Benninger et al. 1980; Heinemann & Dietzel, 1984) . This concentration represents the so-called 'ceiling' level of [K + ] o which is normally maintained in spite of increasing amounts of K + entering the extracellular space (Heinemann & Lux, 1977; Xiong & Stringer, 1999 (Nicholson et al. 1978; Krnjevic et al. 1980; Gorji et al. 2001) and prolonged anoxia (Croning & Haddad, 1998; Stiefel & Marmarou, 2002) .
Increased [K + ] o also plays an important experimental role in the identification and analysis of small endogenous erg currents (Bauer et al. 1990 Sacco et al. 2003; Hirdes et al. 2004) . These neuronal erg currents described so far have been detected in cerebellar Purkinje neurones from postnatal mice (Sacco et al. 2003) and rat embryonic neurones of the raphe nuclei (Hirdes et al. 2004) . Both the electrophysiological properties of these neuronal erg currents as well as the erg expression pattern suggest that the endogenous erg channels could well involve erg1 and erg3 or even all three erg channel subunits. Therefore, a detailed knowledge about the K + dependence of all three erg channels is necessary to get an idea of the current properties in a more physiological range of [K + ] o . In addition to the neuronal expression, erg1 channels have been described in hippocampal astrocytes (Papa et al. 2003) where they were suggested to be functionally important for K + homeostasis (Emmi et al. 2000) . In this case, the paradoxical K + dependence of erg1 channels might be crucial for the clearance of increased extracellular K + . In neurones, erg channels could contribute to diverse tasks such as the maintenance of the resting membrane potential of cells with less negative resting potential, action potential properties or frequency adaptation. Recently, the first hints of an involvement of erg channels in the generation of afterhyperpolarizations in substantia nigra compacta neurones have emerged (Nedergaard, 2004) . A functional role of erg channels in frequency accommodation has first been studied in neuroblastoma cells (Chiesa et al. 1997) and has now been detected in adult cerebellar Purkinje neurones (Sacco et al. 2003) . In this preparation, a block of erg channels resulted in an increased firing rate already at the onset of long depolarizing current pulses. The present data obtained with the spike train protocol suggest that this fast contribution of an erg current to frequency accommodation is more likely to be carried by erg3 than by erg1 channels. Increased [K + ] o reduced the large amplitude of the erg3 current in the interspike intervals, probably resulting in a similarly reduced ability to mediate frequency accommodation. The relatively fast activation kinetics and little steady-state inactivation up to −20 mV make erg3 channels suited to efficiently contribute to action potential repolarization already during short action potential bursts. This capability is probably not affected by differences in [K + ] o , since the maximal erg3 current amplitudes during the simulated action potentials were almost the same in both tested [K + ] o . In contrast to erg3, the slow activation kinetics of erg1 suggest that erg1 channels mediate frequency accommodation and contribute to action potential repolarization only after prolonged bursts of action potentials. In increased [K + ] o , which favours repetitive firing, the erg1 current amplitudes are preserved or even enhanced, thus enabling a neurone to bring a burst to an end.
In a model of a hippocampal CA1 pyramidal cell, bursts of action potentials during normal excitability are suggested to raise the local [K + ] o around the soma to levels around 10 mm already within 50 ms (Kager et al. 2000) . Every action potential produces a stepwise increase in [K + ] o and concomitantly a decrease in E K . Kager et al. (2000) suggested that prolonged seizure discharges or spreading depression mainly result from a positive feedback mechanism. 
